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INTRODUCTION 
Properties and Specificity of Hiosphorylase Kinase and 
cAMP-Dependent Protein Kinase 
Protein kinases are crucial to the regulation of a number of 
physiological processes, including glycogen metabolism (1-4). Two of 
the best characterized protein kinases involved in this process are cAMP-
dependent protein kinase and phosphorylase kinase (4). These two kinases 
are similar in function, but have a number of contrasting differences. 
cAMP-dependent protein kinase is a tetramer, = 190,000 (5), and cata­
lyzes the transfer of the y-phosphate of ATP to seryl residues on a 
large number of different proteins (6-8). It has a large number of 
physiological substrate proteins whose function and activity it effects, 
and is involved in the regulation of a number of cellular and physiological 
processes, including glycogenolysis, glycolysis, lipid metabolism, 
protein synthesis and other nuclear events, and neural membrane function 
(1). It is activated by the binding of cAMP to the two regulatory sub-
units in the tetramer, which then separate as a dimer and release the 
two catalytic subunits as monomers, = 40,500 (9-10). cAMP, in turn, 
is produced from ATP by adenylate cyclase (1), which is activated by 
epinephrine, glucagon, and a number of other hormones (1, 4, 9). cAMP-
dependent protein kinase is thus a key enzyme in the hormonal regulation 
of a number of physiological processes. 
Phosphorylase kinase catalyzes protein phosphorylation in a manner 
similar to that of cAMP-dependent protein kinase (6-8), and like cAMP-
dependent protein kinase requires arginyl residues near the phosphory-
2 
latable serine (11-12). It is much larger than cAMP-dependent protein 
kinase, with sixteen subunits and a = 1.6 x 10^ (13). The sixteen 
subunits are of four types (four of each), a, P, Y> and 6. a and 0 
(M^s of 145,000 and 128,000, respectively) (13) are the sites of phos­
phorylation by cAMP-dependent protein kinase and by autophosphorylation, 
and are involved in the regulation of phosphorylase kinase activity (14). 
The exact mechanism by which the a and P subunits accomplish this regula­
tion remains unclear. The y subunit (M^ = 45,000) (13) has been shown 
to be a catalytically active subunit (14-15). The Ô subunit (M^  = 
17,000) (13) has been shown to be calmodulin and is the site of inter­
action with Ca^^ (16). 
Unlike cAMP-dependent protein kinase, phosphorylase kinase has only 
a few protein substrates, including glycogen phosphorylase, troponin I, 
troponin T (4), kappa casein (17), and glycogen synthase (18). The 
nonactivated form of the enzyme has little activity at pH 6.8 but is 
active at 8.2 (19). Autophosphorylation or phosphorylation by cAMP-
dependent protein kinase produces an activated form of the enzyme (20) 
which is considerably more active and has a much increased pH 6.8/8.2 
activity ratio. A similar activation can be produced by proteolysis (20). 
This activation by cAMP-dependent protein kinase, and the subsequent 
phosphorylation of phosphorylase b, gives both kinases a crucial role 
in the activation and regulation of glycogen degradation in skeletal 
muscle. Phosphorylase kinase, however, unlike caMP-dependent protein 
+2 kinase, has an absolute requirement for Ca , and is also regulated 
+2 
neurally, via Ca release during neural excitation of muscle. 
Perhaps the most significant sign of the relation of the kinases 
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is in their catalytic subunits. The catalytic subunit of cAMP-dependent 
protein kinase has bee^ n sequenced by Shoji et al. (10), and found to have a 
= 40,500. The catalytic subunit of phosphorylase kinase has a = 
41,000 (13), or quite close. This y subunit is now being sequenced. 
Eighty percent of the sequence has thus far been derived, and a large 
amount of homology with the cAMP-dependent protein kinase subunit has 
been found (21). It is thus clear that the two proteins are quite 
closely related in evolution. 
Perhaps the most fascinating contrasts are found in their respective 
specificities. In particular, cAMP-dependent protein kinase, which has 
a large number of physiological substrates, will not phosphorylate phos­
phorylase b, whereas phosphorylase kinase, which has only a few known 
physiological substrates, phosphorylates phosphorylase b readily (4). 
To analyze this further, a tetradecapeptide, ser-asp-gin-glu-lys-arg-
lys-gln-ile-ser-val-arg-gly-leu, an analog of the sequence 5-18 of 
phosphorylase which includes the phos phor y1a tab1e ser-14, was synthesized 
and tested as a substrate for cAMP-dependent protein kinase and phos­
phorylase kinase (11-12). It was found that this peptide was a substrate 
for both kinases, in contrast to phosphorylase Itself. To explore further, 
peptide analogs of the original tetradecapeptide were also made and 
tested as substrates for the two kinases, and a number of observations 
made. It was observed that peptides are not well-recognized as substrates 
by. phosphorylase kinase as phosphorylase is, as they have values of 
about 1 tnM, much higher than those of phosphorylase (12). In contrast, 
the peptide leu-arg-arg-ala-ser-leu-gly, an analog of the site of phos­
phorylation of pyruvate kinase by cAMP-dependent protein kinase, is as 
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good a substrate for cAMP-dependent protein kinase as the native protein 
(11). Substitution of other amino acids for the native residues also 
revealed that the two kinases differ in a number of aspects of their 
specificity requirements. Tessmer et al. (12) showed that only eight 
residues, 11-18 of phosphorylase, are crucial to phosphorylation of the 
tetradecapeptide by phosphorylase kinase, and that the first six residues 
are unessential. Viriya and Graves (22) made several substituted analogs 
of a peptide with this 11-18 sequence and found all of these residues to 
be important. In particular, the serine must be flanked by hydrophobic 
residues on either side. Substitution of a valine for the ile-13 
decreases the of phosphorylase kinase considerably, showing that the 
recognition by the enzyme of this region is highly specific. Supporting 
this, the enzyme is also sensitive to substitution of an asparagine for 
the neighboring gin-12, the being greatly lowered. cAMP-dependent 
protein kinase also seems able to recognize a small region near the site 
of phosphorylation (11). Also like phosphorylase kinase, cAMP-dependent 
protein kinase has a requirement for basic residues. The large variety 
of sequences near the phosphorylation sites of cAMP-dependent protein 
kinase shows that it has some flexibility in recognition (4). 
The requirement of basic residues near the phosphorylatable serine 
shown by both kinases is quite specific. Substitution of lysines for 
arginine in synthetic peptide substrates for both kinases reduces the 
peptide's effectiveness as a substrate (11-12). The two kinases differ 
in the exact nature of their arginine requirements, in that substitution 
for the arginine on the N-terminal side of the phosphorylatable serine, 
arg-10, is inhibitory to the phosphorylation by cAMP-dependent protein 
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kinase, while actually increasing the of cAMP-dependent protein kinase. 
This indicates that there is some polarity in the arginine requirements of 
the two kinases, cAMP-dependent protein kinase substrates having an 
arginine on the N-terminal side of the phosphorylatable serine, and phos-
phorylase kinase substrates having an arginine on the C-terminal side of 
the serine. 
This polarity has been explored further in our laboratory. Bylund and 
Krebs (23) showed that chemically modified lysozyme is a substrate for 
cAMP-dependent protfein kinase. Study of a model of lysozyme in our labora­
tory showed that the site of phosphorylation is near a P-turn. Small et al. 
(24) have suggested that ^-turns in proteins can serve as phosphorylation 
sites. Graves et al. (25) synthesized a peptide analog of the phosphoryla­
tion site in lysozyme, leu-ser-tyr-arg-arg-tyr-ser-leu, and showed that it 
was a substrate for both kinases, supporting the P-turn hypothesis. Also, 
the site of phosphorylation for phosphorylase kinase was the serine on the 
N-terminal side of the peptide, and that for cAMP-dependent protein kinase 
was the serine on the C-terminal side of the peptide, supporting the 
arginine polarity hypothesis. 
The suggestion of P-turns as a recognition site for protein kinases, 
and the ability of cAMP-de pendent protein kinase to phosphorylate the small 
tetradecapeptide as opposed to the entire phosphorylase molecule, pointed 
to a role by the organized structure of the substrate in phosphorylation 
and the regulation of specificity. The secondary and tertiary structure of 
phosphorylase a and b has been studied by X-ray crystallography (26, 27). 
There are two crhelical domains in the N-terminal region of phosphorylase. 
In phosphorylase a, the phosphate group of the phosphorylated ser-14 inter­
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acts with the arg-69 in one of the helices. In phosphorylase b, however, 
there is no such interaction, and the first nineteen residues are quite 
flexible and have not been located on electron density maps. The flexibil­
ity of these first few residues may well be important in the phosphoryla­
tion of the enzyme by phosphorylase kinase. Also, the ability of the ser-
14 to interact with the orhelical region indicates that these helices may 
be important in regulating the kinase specificity. Tabatabai and Graves 
(28) prepared a CNBr-generated N-terminal peptide from phosphorylase b 
(residues 1-91) and studied the kinetics of phosphorylase kinase with the • 
peptide as substrate. They found that the peptide could be phosphorylated 
by phosphorylase kinase, with a value between those for phosphorylase b 
and the tetradecapeptide as substrates, and a value lower than those 
with either phosphorylase b or tetradecapeptide. This may indicate that 
the helical region C-terminal to the phosphorylatable serine may be in­
volved in the binding of phosphorylase kinase to phosphorylase b. 
Further evidence that this region C-terminal to the phosphorylatable 
serine is important in regulating specificity comes from synthetic peptide 
studies. A peptide analog of the tetradecapeptide missing the last two 
residues (gly-17 and leu-18) is a better substrate for cAMP-dependent pro­
tein kinase (lower and higher V^), and a worse one for phosphorylase 
kinase (higher and lower V^ ) (11, 12). Also, the arginyl residue im­
mediately C-terminal to the phosphorylatable serine-14, arginine-16, has 
been shown to be important in specificity. Substituting an alanine or gly­
cine for arginine-16 in the tetradecapeptide make it a better substrate for 
cAMP-dependent protein kinase in terms of and (11), while the same 
substitutions make it a worse substrate for phosphorylase kinase in terms 
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of (for both substitutions) and (for the alanyl substitution) (12). 
Similarly, in a pentadecapeptide analog of the N-terminal region of glyco­
gen synthase phosphorylated by phosphorylase kinase (29), substituting an 
arginine for a serine C-terminal to the phosphorylatable serine (ser-7) in­
creased the of phosphorylase kinase 3-fold. However, this same study 
(24) also showed that an arginine on the C-terminal side of the phos-
phorylatable serine is not an absolute requirement by phosphorylase kinase, 
since the original peptadecapeptide analog, without an arginine on the C-
terminal side of the phosphorylatable serine, is a good substrate for 
phosphorylase kinase. There is in this case an arginyl residue three resi­
dues N-terminal to the phosphorylatable serine, and it is important to the 
phosphorylation, since substitution of a lysine for the arginine results in 
a much higher value and a lower V^. Thus, the phosphorylase kinase in 
this case still has an arginyl requirement. 
Kemp's group has also studied the role of basic residues and the 
region C-terminal to the phosphorylatable serine in protein kinase 
specificity (30). They have studied a synthetic peptide analog of the 
phosphorylase sequence 9-20, in which glu-8 and arg-10 are substituted 
with lysines. They have shown that the resulting grouping of four 
lysines (residues 8-11) produces a good substrate for phosphorylase 
kinase, with a value 7-fold lower than the tetradecapeptide. Ap­
parently, the increased charge concentration is of importance to the 
recognition of the substrate by phosphorylase kinase. However, the arg-16 
is still present, so they did not test the effect of the complete removal 
of arginines. 
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Role of Arginyl Residues in Protein Kinase Specificity 
It is possible that one of the reasons for the importance of the 
organized structure in the substrate in regulating protein kinase 
specificity is that it helps give the proper orientation to the arginyl 
residues near the phosphorylatable serine, and that the organized struc­
ture also helps develop the proper microenvironment around the arginyl 
residues. Related to this is the question of the protonation state of 
the arginyl residue. Patthy and Thesz (31) have proposed that arginyl 
residues in anionic binding sites can give a lower pK^  than most arginyl 
residues in proteins, due to the effect of other arginyl and hydrophobic 
residues on the positive electric potential in the microenvironment of 
the arginyl residue. Dreyfus et al, (32) have studied the Inactlvation of 
phosphorylase a and b with the arginine-specific reagent 2,3-butanedione 
and have found two sites of modification. Phosphorylase b in the absence 
of effectors is modified on its nucleotide binding site with a subsequent 
loss of nucleotide binding ability. Phosphorylase a, and phosphorylase b 
in the presence of effectors, is modified on arg-568 in the active site of 
the enzyme, with a loss of enzyme activity (33). Miller et al. (34) 
pursued this further by studying the effect of guanidino compounds with 
various pK^ s on phosphorylase. The inhibition patterns of these com­
pounds on phosphorylase activity, and the reactivity of arg-568 found 
by Dreyfus et al., led them to hypothesize that the arg-568 of glycogen 
phosphorylase has a lowered pK^, due in part to a concentration of posi­
tive charge in the microenvironment of the arg-568. It is possible that 
one of the reasons for the various and specific structural requirements 
9 
that the two protein kinases have for their substrates is for development 
of a microenvironment which will produce an unprotonated arginyl residue 
near the phosphorylatable serine, and that this, although not as reactive 
as the arg-568 in phosphorylase, is important for the functioning of the 
kinases. 
It will be our intention here to explore the role of organized 
structure in regulation the specificities of cAMP-dependent protein 
kinase and phosphorylase kinase. To explore the involvement of turns, 
and also the polarity of arginine recognition by the kinases, the pep­
tide leu-ser-tyr-arg-arg-tyr-ser-leu was synthesized. The double 
arginine sequence would be predicted to make this peptide a better 
substrate for cAMP-dependent protein kinase than the leu-ser-tyr-arg-
glyrtyr-ser-leu peptide earlier synthesized (11). We also theorized 
that the D-sequence of such a palindromic peptide would be phosphorylated 
by both kinases, but with the opposite polarity, due to the changed 
configuration of the side chains. Such a peptide was synthesized and 
tested as a substrate with both kinases. 
In order to investigate further the role of the organized structure 
of phosphorylase domains away from the phosphorylation site, CNBr-
generated N-terminal fragment of phosphorylase b was prepared and its 
organized structure and ability as substrate for the two protein kinases 
was studied to examine further the role of this region in the kinase 
specificity. A peptide analog of phosphorylase sequence 9-24 was syn­
thesized to examine the role in kinase specificity of the region C-
terminal to the phosphorylatable serine. 
In addition, I carried out studies on the protonation state of 
10 
arginyl residues In protein kinase substrates. Arglnlne analogs with 
lowered pKas were used as a model system to study the reactivity of 
p-nitrophenylglyoxal (35, 36) with unprotonated guanidino groups under 
various conditions. These studies were done to establish a model system 
for probing the role of the pK^ of the guanidino group of arginyl residues 
in the phosphorylation of phosphorylatable serines in protein kinase 
substrates. 
11 
MATERIALS AND METHODS 
Materials 
32 [Y- P]ATP was prepared according to Walseth and Johnson (37). t-BOC 
amino acids were obtained from Feinsula. Reagents for SDS-gel electro­
phoresis were from Blo-Rad. Sephadex resins, trypsin, and histone were 
from Sigma. p-Nltrophenylglyoxal was from Pierce, or was synthesized from 
p-nitroacetophenone by the procedure of Steinbach and Becker (38). 
CNBr was from Aldrich. All other chemicals and reagents were from 
commercial sources and of reagent grade. 
Methods 
Preparation of cAMP-dependent protein kinase 
Catalytic subunit of bovine heart cAMP-dependent protein kinase 
was prepared by a method modified from that of Bechtel et al. (5). 
Four male rabbits of 8 kg were killed by slitting the throat following 
injection with Nembutal, and the back and hind leg muscles (3 kg total) 
were removed, ground, and homogenized in 2.5 volumes of 4 mM ED7A, pH 
7.0. The homogenate was then centrifuged 40 minutes at 9000 rpm, and 
the supernatant adjusted to pH 6.1 with 1 N acetic acid. This super­
natant was centrifuged at 9000 rpm for 30 minutes. The derived super­
natant fluid was brought to pH 6.7 with 1 N sodium hydroxide, 2 1 of 
DE-52 resin (1.5 kg in 5 mM MES, 15 mM 9-mercaptoethanol, 0.1 mM EDTA, 
pH 6.7) were added, top-stirred 20 minutes, and the supernatant decanted 
off. The resin was collected and washed with 4 1 of 10 mM potassium 
phosphate. Fifteen mM p-mercaptoethanol, 0.1 mM EDTA, pH 6.7, in 0.1 M 
12 
NaCl. This wash was dialyzed, and 500 ml of preswollen CM Sephadex C-50 
in HgO were added, top-stirred 20 minutes, and the resin collected. 
This was washed with 1 1 of potassium phosphate buffer, and the wash 
was added back to the original supernatant, after which the CM-50 procedure 
was repeated twice. To the 9 1 total of washed supernatant cAMP was 
added to make the solution 5 x 10 ^  M, then 250 ml of CM-50 resin pre­
swollen In potassium phosphate buffer was added, stirred, and collected 
in a Buchner funnel. The resin was washed with potassium phosphate 
buffer in 0.5 M NaCl, and the wash dialyzed. This was then applied 
to a 50 ml CM-50 column in the 10 mM phosphate buffer, and eluted with 
a 500 ml total gradient of 10-300 mM potassium phosphate buffer. The 
enzyme activity was pooled, dialyzed against phosphate buffer, and ap­
plied to a 10 ml blue-Sepharose column in phosphate buffer, and eluted 
with a 100 ml gradient of 0-0.6 M NaCl in phosphate buffer. The activity 
was pooled, and dialyzed against 700 ml of 60% sucrose in 10 mM MES, 
15 mM P-mercaptoethanol, 0.1 mM EDTÀ, 100 mM NaCl, pH 6.7, then against 
this MES buffer in 50% glycerol, and the enzyme stored at -20°, The 
enzyme had a single band when analyzed by SDS-gel electrophoresis, and 
a specific activity of 3.0 mol/min-mg with histone H2B as substrate. 
Preparation of other proteins 
Rabbit skeletal muscle phosphorylase kinase was isolated by the 
method of Hayakawa et al, (39) and further purified by DEAE-cellulose 
chromatography (13). Trypsin activated phosphorylase kinase was 
prepared from phosphorylase kinase by limited proteolysis with trypsin. 
To a 1.3 mg/ml solution of nonactivated phosphorylase kinase (0.2 ml) 
13 
was added 0.01 ml of trypsin in water (0.05 mg/ml), and the solution 
was incubated at 30° for 10 minutes. The reaction was stopped by the 
addition of 0.02 ml of soybean trypsin inhibitor (0.15 mg/ml). Phospho-
activated phosphorylase kinase was prepared from phosphorylase kinase 
by phosphorylation with catalytic subunit of cAMP-dependent protein 
kinase (12), with an increase in the pH 6.8/8.2 activity ratio from 0.05 
to 0.2. Rabbit skeletal muscle glycogen phosphorylase b was isolated 
by the method of Fischer and Krebs (40), with 30 mM 3-mercaptoethanol 
being substituted for cysteine. Itiscle phosphorylase a was prepared 
from phosphorylase b by phosphorylation with phosphorylase kinase (41). 
Protein concentrations were determined by the method of Bradford (42), 
VI 
or by absorbance at 280 nm, with an of 1.3 for phosphorylase b 
and of 1.2 for phosphorylase kinase. 
Assay of enzyme activity 
Phosphorylase kinase activity was assayed in a solution of 40 mM 
Tris or MES buffer (pH 8.2 or 6.7), 10 mM MgAcg, 0.1 mM CaClg, 3 mM 
32 [y- P]MgATP, and various concentrations of substrates and enzyme. 
cAMP-dependent protein kinase activity was assayed in the same way using 
40 mM MES buffer (pH 6.7) and 0.17 mM [y-^^P]ATP. Peptide concentrations 
32 
were determined by amino acid analysis. Rates of incorporation of P 
into peptides or histone were determined by pipetting aliquots onto 
2-cm squares of phosphocellulose P-81 paper. The papers were washed 
32 
with 1 M acetic acid and the amount of P present determined by liquid 
32 
scintillation counting (43). P incorporation into phosphorylase 
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and other proteins was determined in a similar manner, using Whatman 
ET31 paper and washes in 10% trifluoroacetic acid (44). 
Peptide synthesis and purification 
Peptide analogs were synthesized on a Beckman Model 990 automated 
peptide synthesizer by using the solid phase method of Merrifield (45) 
and cleaved from the resin with anhydrous HF at 0° (46). The L-peptide 
leu-ser-tyr-arg-arg-tyr-ser-leu was purified by dissolving the peptide 
in 1.5 M acetic acid and centrifuging to remove insoluble material, 
followed by Sephadex G-15 gel filtration chromatography in 0.1 M acetic 
acid. The D-peptide analog of leu-ser-tyr-arg-arg-tyr-ser-1eu was 
purified by Sephadex G-15 chromatography. The other D-peptides were 
purified by HPLC, using acetonitrile gradients. The hexadecapeptide ana­
log of phosphorylase sequence 9-24 was purified by desalting via 
Sephadex G-10 chromatography in 20 mM NH^HCO^, followed by HPLC in 18% 
acetonitrile, 0.2 M triethylamine acetate, pH 6.0. The peptide was 
identified by fluoréscamine and the peaks pooled and lyophilized. The 
peptide was then applied to a 1.5 x 38.5 cm SP-Sephadex column and eluted 
with a 400 ml gradient of 0.4-3.0 M pyridine acetate, pH 3.3-4.8. The 
peptide was then identified by fluoréscamine and the peaks lyophilized. 
The purity of the synthetic peptides was determined by amino acid analysis 
on a Durrum P-400 amino acid analyzer, high voltage paper electrophoresis 
at pH 4.7, and thin-layer chromatography. The thin-layer chromatography 
utilized a solvent system of n-butanol/pyridine/acetic acid/water (15:10: 
3:12) (v:v). The molar ratios from the amino acid analyses are shown in 
Table 1, utilizing the peptide numbering system illustrated in Table 2. 
Table 1. Amino acid composition of peptides^  
Residues 
Peptide ala asp glu phe gly his ile lys leu pro arg ser thr val tyr 
1 — — — — — — — — 1.10 - 0.95 1.00 — — 1.09 
2 - — - — - — - - 1.00 — 0.82 1.00 — - 1.01 
3 — — - — - — — — 1.88 — 1.88 1.00 — — — 
4 - - - — — - — — 1.95 — 1.74 1.00 — — — 
5 — - — — — - — — 1.99 — 1.08 1.00 — - -
6 - — — — - - - — 1.92 — 1.00 1.00 — — -
7 1.06 1.00 1.90 — 2,00 - 1.04 1.95 1.08 - 1.83 0.99 — 2.74 — 
8 4.49 10.1 10.1 4.49 3.37 5.61 3.37 7.86 10.1 — 1.12 4.49 5.61 7.86 7.86 
^Results expressed in molar ratios. 
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Table 2. Sequence of peptides 
Peptide Sequence 
1 leu-ser-tyr-arg-arg-tyr-ser-leu 
2 leu-ser-tyr-arg-arg-tyr-ser-leu (all D) 
3 arg-leu-ser-leu-arg (all D) 
4 . arg-arg-leu-ser-leu (all D) 
5 leu-ser-leu-arg (all D) 
6 arg-leu-ser-leu (all D) 
7 lys-arg-lys-gln-ile-ser-val-arg-gly-leu-ala-gly-val-glu-asn-val 
8 phosphorylase sequence 1-91 (CNBr-generated peptide) 
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The tetradecapeptide was synthesized and purified previously in our 
laboratory (12). 
Purification of the N-terminal CNBr-generated fragment of phosphorvlase 
The procedure is from Tabatabai and Graves (28), with some modifica­
tion. Seven hundred mg of phosphorylase b were denatured in 6 M guanidine 
hydrochloride, then dialyzed against 30 mM P-mercaptoethanol. The 
phosphorylase b was then lyophilized and redissolved in 70% formic acid, 
1.69 g CNBr were added (100-fold excess over methionine residues), 
and the mixture was allowed to react for 24 hours at 25°. After 
lyophilization, the peptide mixture was dissolved in IM formic acid and 
applied to a 2.1 x 112 cm Sephadex G-50 column, and eluted with IM formic 
acid. Three major peaks were found by absorbance at 280 nm, and the 
second was pooled, lyophilized, and applied to a 1.5 x 31 cm SP-Sephadex 
column. The column was eluted with a gradient of 0.1-0,75 M sodium 
formate, pH 2.9-3.8, in 7 M urea. The last peak was pooled and dialyzed 
against IM formic acid, using Spectrapor dialysis tubing with a M^. 
cutoff of 3500. The peptide was then renatured and successively dialyzed 
in 0.7, 0.5, and 0.1 M formic acid, then in water, followed by 
lyophilization. The purity of the peptide was determined by amino acid 
analyses (Table 1) and SDS-gel electrophoresis. The peptide was then 
dissolved in 20 mM MES, pH 6.7, and frozen in 100 p,l aliquots at -30°. 
Spectral studies of PNPG reaction 
The reaction was carried out in a 1 ml solution of buffer and 
arginine analog as noted in the Results at 26° and initiated by addition 
of 10 nl of 10% PNPG in methanol. Progress of the reaction was fol-
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lowed at 450 nm in a Gary 15 spectrophotometer (36). The reference 
cuvette held everything except the arginine analog. The sample and 
reference solutions were bubbled with nitrogen 15 minutes before reaction 
to prevent oxidation of the product, and the sample chamber was bubbled 
with nitrogen during the reaction. 
HPLC studies of the PNPG reaction 
Reactions were carried out as shown above. At various timepoints, 
aliquots were removed and added to an equal volume of 0.4 M sodium 
citrate, pH 3.0. Aliquots (80 ixl) of this were then analyzed on an 
HPLC component system consisting of a Beckman model 100 A pump, Beckman 
model 210 injector, Hitachi 40-100 variable wavelength spectrophotometer, 
and a Beckman recorder, with an Ultrasphere-ODS C-18 reverse-phase 
column, at 315 nm. The solvent system was 30% methanol, 0.2 M triethyl-
amine acetate, pH 6.0. 
CD spectral studies 
CD experiments were done with a Jasco 500A CD spectrophotometer, 
calibrated by the method of Cassim and Yang (47). Samples were run in 
a cell with a 0.5 mm pathlength, dissolved in a buffer of 40 mM p-
glycerophosphate, pH 6.7. Molar ellipticites were calculated on a per 
amino acid residue basis. 
Fluorescence studies 
The fluorescence studies on the CNBr-generated peptide were done 
with a Spex Fluorolog 2 apectrofluorometer, and the data were analyzed 
on a Spec Datamate. Ten pM of peptide or tryptophan were used in 40 mM 
MES, pH 6.7. The excitation wavelength was at 295 nm, and the emission 
spectra were run at the wavelengths indicated in the figures. 
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RESULTS 
Specificity Studies of Phosphorylase Kinase and cAMP-Dependent 
Protein Kinase with L- and D-Palindromic-Like Peptides as Substrates 
Graves et al. (25) showed that a peptide analog, leu-ser-tyr-arg-
gly-tyr-ser-leu, of the phosphorylation site of modified lysozyme by 
cAMP-dependent protein kinase was a substrate for both cAMP-dependent 
protein kinase and phosphorylase kinase. To explore this further, we 
synthesized a peptide with the sequence leu-ser-tyr-arg-arg-tyr-ser-leu. 
This peptide was a better substrate for both kinases (Table 3) . To 
determine the site of phosphorylation, the peptide was incubated with 
either kinase, then applied to a sulfopropyl Sephadex column (Figure 1). 
Three radioactive peaks were obtained. The first was shown to be ATP. 
The second and third peaks were both fluorescamine positive, showing that 
they were phosphorylated peptides. The second was digested with trypsin, 
followed by high voltage paper electrophoresis at pH 4.7, and autoradiog­
raphy. Two radioactive and fluorescamine positive spots were found. Simi­
lar treatment of the third peak produced two fluorescamine positive spots, 
one of which was radioactive and negatively charged. Cleavage of the pep­
tide by trypsin would produce two peptides, leu-ser-tyr-arg and tyr-ser-
leu. Thus, a diphosphopeptide would yield two radioactive spots from 
electrophoresis, as found for the second peak. A monophosphopeptide would 
yield one radioactive spot, negatively charged if it was on the serine on 
the C-terminal side of the peptide, as found for the third peak. Thus, the 
third peak is a monophosphopeptide, phosphorylated on the serine on the C-
terminal side of the peptide. Similar experiments were done with phos-
Table 3. Kinetics of phosphorylase kinase and cAMP-dependent protein kinase with leu-ser-tyr-arg-
arg- tyr- ser- leu and leu-ser-tyr-arg-gly-tyr-ser-leu as substrates 
Enzyme Substrate V * 
m m 
c 
Phosphorylase kinase leu-•ser-• tyr- arg- arg- tyr-ser-•leu 0.10 2. 9 
cAMP-dependent protein kinase^  leu-ser-• tyr-arg-arg-tyr-ser- leu 0.74 0. 12 
Phosphorylase kinase^ leu-ser-• tyr-arg-gly-tyr-ser- leu 0.046 2. 7 
cAMP-dependent protein kinase^  leu-ser-•tyr-arg-gly-tyr-ser--leu 0.35 2. 2 
^Units are in iJmol/inin-mg. 
^Units are in niM. 
V^alues are from work of Jantanee Viriya. Experiments were done as given in the Methods, at 
pH 8.2 and 47 p,g/ml phosphorylase kinase. 
"^ Experiments were performed as given in the Methods, at pH 6.7 and 20 lig/ml enzyme. 
F^rom Reference (25). 
Figure 1. SP-Sephadex chromatography of the leu-ser-tyr-arg-arg-tyr-ser-
leu peptide phosphorylated by cAMP-dependent protein kinase. 
[The peptide was phosphorylated in a reaction mixture of 0.5 
mM peptide, 1.0 mM [Y-^^P]ATP, 12.5 mM MgCl2, 25 mM MES, 50 
lAg/ml cAMP-de pendent protein kinase, pH 6.5, at SCC for 
28 hours. Excess [y-32p]atP was removed by AG 1 x 8 
chromatography, and the products were lyophilized, taken up 
in 1.5 ml water, and applied to an SP-Sephadex column 
(1,2 X 9 cm) equilibrated with 0.05 M pyridine acetate, pH 
2.6. The column was eluted with a 400 ml gradient of 0.05-
0.5 M pyridine acetate, pH 2.6-3.6, and 3 ml fractions were 
collected.j 
^^P-Radioact iv i ty(cpm x 10 
00 
Q 
o 
o 
3 
ro 
o Z c 
3 
o-
(D 
-1 
23 
phorylase kinase with similar results, the third peak in this case yielding 
a single radioactive spot which was neutral, indicating a monophosphopep-
tide phosphorylated on the serine on the N-terminal side of the peptide. 
Our results and those of earlier workers (11, 12) clearly showed 
that cAMF-dependent protein kinase and phosphorylase kinase have opposite 
polarities of arginine recognition, especially regarding the palindromic-
like peptide. D-peptides have never been tested as substrates for the 
protein kinases. If the kinases recognize the sidechains of the peptide 
but not the peptide backbone, D-peptide analogs of L-peptide substrates 
could also serve as protein kinase substrates. In particular, the D-
peptide analog of the leu-ser-tyr-arg-arg-tyr-ser-leu L-peptide might 
also serve as a protein kinase substrate, and because of its opposite 
D-configuration, it should be phosphorylated with a reverse polarity. 
To test this, the peptide analog of the leu-ser-tyr-arg-arg-tyr-ser-leu 
peptide was synthesized and tested as a substrate for both kinases. 
No phosphorylation was seen with either kinase, but the peptide was 
shown to be a competitive inhibitor to both kinases (Figure 2), with a 
value of 1.2 mM for cAMP-dependent protein kinase. It has been shown 
by Jesse Chan in our lab to be a competitive inhibitor for phosphorylase 
kinase as well, with a value of 0.8 mM (29). A series of D-peptides 
was also synthesized to further explore the relation of the location of 
the arginyl residue(s) with kinase specificity. Again, there was no 
phosphorylation by either kinase, but the peptides were recognized by 
the kinases as inhibitors (Table 4). The inhibition patterns seen with 
cAMP-dependent protein kinase and phosphorylase kinase (work done by 
Jesse Chan) showed that the order of inhibition shown by the peptides 
Figure 2. Competitive inhibition of cAMP-dependent protein kinase by 
the D-peptide leu-ser-tyr-arg-arg-tyr-ser-leu. [Assays were 
done as given in the Methods, with 4.7 M-g/ml of enzyme and 
varying amounts of the D-peptide. (•) none, (•) 1.1 mM, 
(o) 2.2 mM, (•) 4.4 mM of D-peptide.] 
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Table 4. Inhibition of cAMP-dependent protein kinase by D-peptides* 
Peptide Concentration (mM) Inhibition (%) 
leu-ser-tyr-arg-arg-tyr-ser-leu 2.2 72 
leu-ser-tyr-arg-arg-tyr-ser-leu 1.1 42 
arg-leu-ser-leu-are 2.2 67 
arg-leu-ser-leu-arg 1.1 22 
arg-arg-leu-ser-leu 2.2 54 
arg-arg-leu-ser-leu 1.1 10 
leu-ser-leu-arg 2.2 17 
leu-ser-leu-arg 1.1 — 
arg-leu-ser-leu 2.2 74 
arg-leu-ser-leu 1.1 54 
Experiments were done as given in the Methods, with given 
amount of D-peptide added to standard assay mix, with 8 P-g/ml of 
cAMP-dependent protein kinase and 0.83 mg/ml of histone H2B as 
substrate. 
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was the same for both enzymes; that is, the same peptide was the best 
inhibitor for both enzymes, as was the second-best, etc. 
Organized Structure of the N-Terminal 
CNBr-Generated Fragment of Phosphorylase 
The tetradecapeptide, residues 5-18 of phosphorylase b, and other 
peptide analogs containing the phosphorylatable serine of phosphorylase b, 
have higher values for phosphorylase kinase than that found for phos­
phorylase (12). Also, while phosphorylase is not a substrate for cAMP-
dependent protein kinase, the tetradecapeptide is (11). These observations 
suggest that the organized structure of the phosphorylase molecule could be 
important for specificity. To examine this, and to further investigate 
the role of the region C-terminal to the phosphorylatable serine in pro­
tein kinase specificity, the CNBr-generated N-terminal peptide from phos­
phorylase b was generated and purified. Circular dichroism studies showed 
that this CNBr-generated peptide has a spectrum which showed definite or­
ganized structure (Figure 3). The spectrum is in the region of CD spectra 
of a-helical structure (48), and has about 35% of the molar ellipticity 
in the reference a-helical spectrum of Chang et al. (48) at 208 nm. The 
signal could be greatly diminished by the addition of guanidine hydro­
chloride, and in a concentration dependent manner. Thus, the CD-signal 
was dependent on the organized structure of the peptide and could be 
disrupted by denaturing. 
Another means of analyzing the organized structure of the CNBr-
generated peptide is by fluorescence. The peptide contains a single 
tryptophan residue at position 67, and thus intrinsic fluorescence of 
Figure 3. CD spectra of CNBr-generated peptide. [Spectra were run as given in the Methods, with 30 pM 
peptide and varying amounts of guanidine hydrochloride. (A) peptide with 4 M guanidine 
hydrochloride, (B) peptide with 2 M guanidine hydrochloride, (C) peptide with no guanidine 
hydrochloride.] 
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the molecule can be used as a probe for organized structure. The 
fluorescence emission spectrum of the CNBr-generated peptide is shown 
in Figure 4. The intensity of the fluorescence is greatly lowered by 
the presence of 4 M guanidine hydrochloride, and the fluorescence peak 
is shifted from 344 nm to 358 nm. This shift to lower intensity and 
longer wavelength can be explained by the tryptophan being in a hydro­
phobic pocket which is exposed to the aqueous solvent upon denaturation 
by the guanidine hydrochloride. In Figure 5, we can see that tryptophan 
fluoresces at 358 nm, or the same as the denatured CNBr-generated peptide. 
The decrease in intensity is less, and is probably by a quenching effect 
of the guanidine hydrochloride. These effects show that the CNBr-
generated peptide has an organized structure which keeps the tryptophanyl 
residue in a hydrophobic pocket which is opened to solvent by denatura­
tion. 
Phosphorylation of the N-Terminal CNBr-Generated Fragment of 
Fhosphorylase and of the Hexadecapeptide by Fhosphorylase Kinase and 
cAMP-Dependent Protein Kinase 
The CD and fluorescence experiments showed that the CNBr-generated 
peptide contains a considerable amount of structure, making it of 
interest to examine it as a substrate for the two protein kinases. 
The kinetics of the reaction of the CNBr-generated peptide with phos-
phorylase kinase are shown in Figures 6-9. The reaction of nonactivated 
phosphorylase kinase yielded a K^ value between those for tetradecapep-
tide and phosphorylase b as substrates. This is also true for the K^ 
Figure 4. Fluorescence emission spectra of the CNBr-generated peptide. [(A) peptide, (B) peptide with 
4 M guanidine hydrochloride.] 
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Figure 5. Fluorescence emission spectra of tryptophan. [(A) tryptophan, (B) tryptophan with 4 M 
guanidine hydrochloride,] 
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Figure 6. Kinetics of nonactivated phosphorylase kinase at low pH with 
the CNBr-generated peptide as substrate. [Assays were done as 
given in the Methods at pH 6.7, with 25 pg/ml of nonactivated 
phosphorylase kinase.] 
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Figure 7. Kinetics of nonactivated phosphorylase kinase at high pH 
with the CNBr-generated peptide as substrate. [Assays were 
done as given in the Methods, at pH 8.2, with 25 vig/ml of 
nonactivated phosphorylase kinase.] 
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Figure 8. Kinetics of phospho-activated phosphorylase kinase at low pH 
with the CNBr-generated peptide as substrate. [Assays were 
done as given in the Methods at pH 6.7, with 24 M'g/ml of 
phospho-activated phosphorylase kinase.] 
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Figure 9. Kinetics of phospho-activated phosphorylase kinase at high 
pH with the CNBr-generated peptide as substrate. [Assays 
were done as given in the Methods at pH 8.2, with 25 
of phospho-activated phosphorylase kinase.] 
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values for the phospho-activated phosphorylase kinase with CNBr-generated 
peptide as substrate (Table 5). The effect of increasing the pH from 
6.7 to 8.2 is mainly in lowering the values of the phosphorylase 
kinase for the CNBr-generated peptide, as it is when phosphorylase b 
serves as the substrate (4). The V found was lower than those found 
m 
by Tabatabai and Graves (28), for reasons which are still not clear. 
The CNBr-generated peptide was a very poor substrate for cAMP-dependent 
protein kinase under all conditions tested, including those under which 
good phosphorylation of the tetradecapeptide occurs (Figure 10). 
Thus, the CNBr-generated peptide does not have the necessary specificity 
determinants for phosphorylation by cAMP-dependent protein kinase, while 
being a better substrate for phosphorylase kinase than the tetradecapep­
tide in terms of K^ . This shows that the organized structure of phos­
phorylase b, and in particular the a-helical region C-terminal to the 
phosphorylatable serine, is important to the specificity of the two 
protein kinases toward phosphorylase. 
In order to further examine the role of substrate structure in 
kinase specificity, gel filtration studies were done with HPLC to 
determine if the CNBr-generated peptide were a dimer like the parent 
phosphorylase molecule. The HPLC chromatogram gave three peaks for the 
CNBr-generated peptide (Figure 11). The first peak had an greater 
than 250,000 (the exclusion limit of the column), and the second and 
third peaks had M^s of 100,000 and 10,000, respectively. The amino acid 
sequence of the CNBr-generated peptide predicts a of 10,000, suggesting 
that the third peak is a monomer and that the other two peaks are large 
aggregates. One hundred mM NaCl did not seem to have much effect on 
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Table 5. Kinetic parameters of phosphorylase kinase with the CNBr 
generated peptide as substrate^»^ 
Enzyme pH 
Nonac tlva ted 6.7 
Nonactlvated 8.2 
Activated 6.7 
Activated 8.2 
CNBr-generated peptide Tetradecapeptlde 
V d 
m m 
1.8 + 0.24 5.1 + 1.2 
1.9 + 1.6 6.6 + 5.4 
V  V 
0.62+0.074 0.18+0.02 
0.24 + 0.034 0.31+0.031 
0.33 + 0.042 0.25+0.026 
0.58 + 0.16 0.64 + 0.17 
^Assays were done as given In Figures 2-5. 
I^nitial rate data were analyzed according to the least weighted 
least-squares program written In the Omnitab language (49). 
U^nlts are In mM. 
'^Unlts are In ^ .mol/mln-mg. 
Figure 10. Phosphorylation of the CNBr-generated peptide by cAMP-
dependent protein kinase. [Assays were carried out as given 
in the Methods. (O 0.23 mM CNBr-generated peptide and 
4.7 M-g/ml enzyme, (o) 0.23 mM CNBr-generated peptide and 
47 lAg/ml enzyme, (a) 0.24 mM tetradecapeptide and 4.7 
|j<g/ml enzyme, (A) 0.24 tetradecapeptide and 47 ng/ml 
enzyme.] 
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Figure 11. Elution profile of the CNBr-generated peptide on gel filtration HPLC,] Twenty M.1 of the 
CNBr-generated peptide (5 mg/ml) were injected into the component HPLC system mentioned in 
the Methods, with a TSK-3000SW gel filtration column from Toyo Soda, and eluted with 
40 mM MES, 10 mM 'MgCl2, 0.1 mM CaCl2, pH 6.7. The elution profile was followed at 
280 mm.1 
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the aggregation or the monomer, and did not yield a dimeric form. 
Despite the presence of aggregates, however, the CNBr-generated peptide 
was phosphorylated by phosphorylase kinase with a 1:1 stoichiometry, 
as shown in Figure 12. 
The results of the experiments with the CNBr-generated peptide 
supported our view that the region in phosphorylase b C-terminal to the 
phosphorylatable serine is important in regulating protein kinase 
specificity. To probe further into what parts of this C-terminal region 
are important, a peptide analog of the phosphorylase sequence sequence 
9-24 was synthesized and purified. This was in order to examine the role 
in specificity of the region between the phosphorylatable serine and the 
beginning of the first crhelical domain, which starts at residue 25 
as determined from X-ray crystallography studies done with phosphorylase 
b (27). A peptide analog of the tetradecapeptide missing glycine-17 
and leucine-18 is a worse substrate for phosphorylase kinase (lower 
and higher values) (12), showing that deletion of residues in the 
C-terminal region has considerable effects on phosphorylation and further 
encouraged me to study this region. 
The kinetics of the phosphorylation of the hexadecapeptide by non-
activated phosphorylase kinase are shown in Table 6. This shows that 
the hexadecapeptide is a better substrate for nonactivated phosphorylase 
kinase than is the tetradecapeptide, with a similar value and a 2-fold 
increase in the V . This V effect is also seen with activated phos-
m m 
phorylase kinase, where the value for the hexadecapeptide is 1.5-fold 
higher than that of the tetradecapeptide, and approximately that of 
phosphorylase b. 
Figure 12. Stoichiometry of phosphorylation of the CNBr-generated pep­
tide by phosphorylase kinase. [Assays were done as given 
in the Methods, with 40 mM Tris/40 mM ^ -glycerophosphate, 
pH 6.7, as buffer, 43 ng/ml of trypsin-activated phos­
phorylase kinase, and 0.5 mM peptide.] 
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sl b Table 6. Kinetic parameters of protein, kinases with the hexadecapeptlde ' 
c d Hexadecapeptlde Tetradecapeptlde 
Enzyme K® 
•' m m m m 
Nonactlvated phosphorylase kinase 0.75 + 0.092 7.4 + 0.81 1.8 + 0.24 5.1 + 1.2 
Activated phosphorylase kinase 0.59 + 0.20 10.4 + 1.9 1.9 + 1.6 6.6 + 5.4 
cAMP-dependent protein kinase 6.1 + 0.33 1.9 + 0.33 4.6 + 3.3 4.5 + 3.3 
^Assays were carried out as given in the Methods, with the phosphorylase kinase assays being 
done at pH 8.2. 
^Initial rate data were analyzed according to the least weighted least-squares program 
written in the Omnitab language (49). 
^lys-arg-lys-gln-ile-ser-val-arg-gly-leu-ala-gly-val-glu-asn-val, from sequence 9-24 of 
phosphorylase b. 
'^ ser-asp-gln-glu-lys-arg-lys-gln-ile-ser-val-arg-gly-leu, from sequence 5-18 of phosphory­
lase b. 
^Unlts are in Mn. 
U^nits are in wnol/mln-mg. 
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The kinetics of the hexadecapeptide with cAMP-dependent protein kinase 
are also shown in Table 6. Again, the value is similar to that of the 
tetradecapeptide, but this time the is 2-fold lower. It would appear 
from these experiments that the effect of the addition of more residues to 
the C-terminal end of the synthetic peptide analogs of phosphorylase 
in terms of kinetics of the two protein kinases is to increase the V 
m 
of phosphorylase kinase and decrease that of cAMP-dependent protein 
kinase. Thus, we can see the importance of the region C-terminal to the 
phosphorylatable serine in kinase specificity. It can also be seen in 
Table 6 that the activation of phosphorylase kinase does have a small 
effect in improving the kinetics parameters for the phosphorylation of 
the hexadecapeptide, which Is not seen in the kinetics when tetradecapep­
tide is the substrate. An activation effect was also seen in Table 5 
with the CNBr-generated peptide, where there was an Increase in the V^ . 
It is possible that these effects are produced by the region C-terminal 
to the phosphorylatable serine in these substrates Interacting with 
the activated phosphorylase kinase to Improve its catalytic ability. 
Such an Interaction might not be seen in nonactlvated kinase, or in a 
substrate without the extensive C-terminal region, such as the tetra­
decapeptide. 
It was considered important to examine the hexadecapeptide and 
tetradecapeptide for organized structure, to see if there was any 
organized structure present that was affecting the kinetics of phos­
phorylation. Therefore, CD studies of the two peptides were undertaken. 
The CD spectra of the two peptides, as well as of pro-leu-ser-arg-thr-
leu-ser-val-arg-ser-leu, a peptide analog of the site of phosphorylation 
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at the N-terminus of glycogen synthase by phosphorylase kinase, are 
shown in Figure 13. As one can see, the spectra are quite similar. 
They correspond to those predicted by Chang et al. (48) for random 
structure, with a large negative signal at 198 nm. The small shoulders 
seen above 210 nm gradually disappear as the wavelength increases to 
250 nm. The signal for the hexadecapeptide was proportional to peptide 
concentration. Yang and Wu (50) have shown that detergents such as 
SDS at low concentrations can enhance the secondary structure and CD 
spectra of peptides and proteins. We examined the CD spectra of our 
peptides in the presence of SDS, but saw little effect. Thus, it appears 
that our peptides have essentially a random secondary structure in P-
glycerophosphate buffer. 
Modification of Arginine Analogs with PNPG 
The importance of both arginyl residues and organized structure in 
protein kinase specificity led me to an Interest in the role of these 
arginyl residues in specificity and phosphorylation, and in how the 
arginyl residues might be effected by the organized structure around 
them. Powers and Riordan (51) have proposed, based on the selective 
modification of only a few arginyl residues out of many in enzymes 
modified by phenylglyoxal, that some arginyl residues might have an 
enhanced reactivity. They further proposed that this enhance reactivity 
might be due to effects of hydrophobicity and other factors in their 
chemical environment, and that the role of arginyl residues in proteins 
might involve types of interaction besides those due to arginine's strong 
Figure 13. CD spectra of peptide substrates of protein kinases. [Spectra were run as given in the 
Methods. (A) 50 p.M hexadecapeptlde, (B) 50 (iM tetradecapeptlde, (C) 50 pM pro-leu-ser-
arg-thr-leu-ser-val-arg-ser-leu.] 
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positive charge. Patthy and Thesz (31) have theorized that arginyl 
residues in anionic binding sites in proteins are in fact unprotonated, 
due to a lowered pK^ from the effect of basic and hydrophobic residues 
on the positive electric potential in the microenvironment of the arginyl 
residues. The critical role of neighboring arginyl residues in the 
phosphorylation of seryl residues in proteins by protein kinases could 
be explained by unprotonated arginyl residues having a critical role 
in the phosphorylation process. To explore this, we explored the 
reactivity of a number of arginine analogs having low pK^s with 
p-nitrophenylglyoxal, an analog of the arginine-specific reagent phenyl-
glyoxal. Studies of the reaction of phenylglyoxal with arginine by 
Takahashi (35) showed the product to be di(phenylglyoxal) arginine. 
Werber et al. (52) have proposed that a 1:1 adduct in the form of a cis-
diol is first formed as an intermediate. This cis-diol can then either 
be stabilized by borate or go on to react with a second molecule of 
phenylglyoxal to form the final product (Figure 14). The product of the 
reaction of arginine with PNPG is a chromophore, so we could follow the 
reaction spectrophotometrically at 450 nm (36). 
The rate of reaction of PNPG with arginine is shown in Table 7. 
The reaction can occur in HEPES buffer, but with a long lag time for 
the reaction. Addition of 10 mM phosphate decreases the lag considerably 
(Table 7). The reaction had a phosphate concentration optimum at 30 mM 
(Figure 15). The guanidino compound MGBG (Figure 16) with two guanidino 
groups having lower pKas (7.5 and 9.3) (53) than does arginine (13.6), 
reacted at a similar rate in both HEPES and phosphate buffer, with 
phosphate a little faster (Table 8). MGBG also had a phosphate optimum 
Figure 14. Mechanism of reaction of phenylglyoxal with arginlne (47). [(A) arginlne, (B) phenyl-
glyoxal, (C) cls-dlol 1:1 adduct, (D) di(phenylglyoxal) arginlne.] 
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Table 7. Reaction of arginine with PNPG* 
Additions Rate (x 10^ )^  Lag time (sec) 
None 16.4 2650 
10 mM phosphate 18.0 1700 
R^eactions were carried out as given in the Methods, with 1 mM 
arginine and 5 mM PNPG in 30 ioM HEPES, pH 7.5, + 10 mM phosphate. 
^Units are in absorbance units/second. 
Figure 15. Effect of phosphate concentration on the reaction of PNPG and arginine. [Reaction was 
carried out as given in the Methods, with 1 mM arginine, 5 mM PNPG, and various concentra­
tions of phosphate at pH 7.5.] 
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Figure 16. Structures of guanldlno compounds used In PNPG reactions. [(A) arglnlne, (B) canavanlne, 
(C) TAME, (D) BAEE, (E) MGBG, (F) NBAG.] 
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Table 8. Reaction of MGBG with PNPG^  
Buffer Rate (x 10^ )^  Lag time (sec) 
30 mM phosphate 38.0 300 
30 mM HEPES 29.0 440 
R^eactions were carried out as given in the Methods, with 1 mM 
MÏBG and 5 mM PNPG, at pH 7.5. 
^Units are in absorbance units/second. 
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at 30 mM (Figure 17). A typical progress curve of the reaction il­
lustrating the lag is shown in Figure 18. Ten mM borate in 30 mM HEPES 
buffer completely inhibited the reaction, which could not be activated 
by later addition of 30 mM phosphate. 
To examine the lag, other arginine analogs were tried (Table 9). 
BÂEE and TAME, which have blocked amino and carbonyl groups and thus 
are uncharged, reacted at a similar rate to arginine and M6B6, but had 
even longer lag times. Canavanine, an analog with the y-methylene group 
replaced by an oxygen, reacted with a 5-fold slower rate than MGBG, but 
had very little lag. 
The dependence of the reaction upon pH was also explored. The 
reaction rate with arginine increased with pH, increasing sharply at 
pH 7.5 in phosphate buffer (Figure 19). MGBG gave similar behavior in 
phosphate buffer, increasing sharply at pH 7.5. The reaction with 
canavanine had a pH dependence as well, with the rate increasing sig­
nificantly above pH 8. The lag times were also pH sensitive, for 
arginine and MGBG shortening significantly at pH 8 (Figure 20). 
Canavanine began to have long lag times when the pH was lowered to 6.5. 
The reaction of PNPG with peptides was also studied. With the 
dipeptide arg-arg, the reaction rate was comparable to that of canavanine, 
but with a long lag time, twice that of arginine under the same condi­
tions. PNPG would also react with peptide substrates of cAMP-dependent 
protein kinase and phosphorylase kinase (Table 10). The best .substrate 
was H-8, an analog of the leu-arg-arg-ala-ser-leu peptide substrate for 
cAMP-dependent protein kinase, with ff-aminoisobutyric acid substituted 
for the C-terminal leucine. The peptide reacted with PNPG at a rate 
Figure 17. Effect of phosphate concentration on the reaction of PNPG and MGBG. .[Reactionwas carried 
out as given In the Methods, with 1 mM MGBG, 5 mM PNPG, and various concentrations of 
sodium phosphate at pH 7.5.] 
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Figure 18. Course of reaction of arginine with PNPG in phosphate buffer. [Reactionwas carried out as 
given in the Methods, with 1 mM arginine, 5 mM PNPG, 30 mM sodium phosphate, pH 7.5.] 
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Table 9. Reaction of PNPG with arginine analogs^  
Analog Rate (x 10^ )^  Lag time (sec) 
BÂEE 20.5 2800 
TAME 30.3 1990 
Canavanine 6.4 0 
R^eaction was carried out in 30 mM HEPES, pH 7.5, as given in the 
Methods, with 1 mM of analog and 5 mM PNPG. 
Units are in absorbance units/sec. 
Figure 19. Effect of pH on the reaction of arginine and PNPG. [Reaction 
was carried out as given in the Methods, with 1 mM arginine, 
5 mM PNPG, and 30 mM buffer. (O) sodium phosphate, (•) 
HEPES.] 
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Figure 20. Effect of pH on the lag time of the PNPG reaction. [Reaction 
was carried out as given in the Methods, with 1 mM analog, 
5 mM PNPG, and 30 mM sodium phosphate (pH 7.0, 7.5, and 8.0) 
or sodium pyrophosphate (pH 8.5 and 9.0), (O) MGBG, (•) 
arginine.] 
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Table 10. Reaction of PNPG with peptides^  
Peptide Rate of reaction^ Lag time (sec) 
H-7^ 9.7 2220 
H-8^  25.0 1950 
Tâtradecapeptide 19.6 2600 
S-28® 12.5 1100 
S-18^  32.3 980 
arg-arg 7.9 5510 
Reactions were carried out as given in the Methods, with 1 mM 
peptide and 5 mM PNPG, in 30 mM HEPES, pH 7.5. 
U^nits are in absorbance units/second. 
'^leu- arg- ar g- aib-ser- aib. 
l^eu-arg-arg-ala-ser-aib. 
®lys-arg-lys-gln-ile-ser-val-gly-gly-leu. 
f. lys-ala-lys-gln-ile-ser-val-arg-gly-leu. 
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similar to that of MGBG, but with a 5-fold longer lag. H-7, siciilar to 
H-8 but with two cyaminoisobutyric acid residues on either side of the 
serine, had a similar lag time, but a reaction rate only one-third that 
of MGBG and H-8. The tetradecapeptide also had a long lag, and a rate 
almost as fast as MGBG and H-8. 
The other two peptides tested were analogs of the tetradecapeptide, 
but with the first four residues missing. S-28, with the arginine on the 
C-terminal side of the peptide substituted by a glycine, had both a rate 
and a lag time about one-half that of the tetradecapeptide. S-18, like 
S-28 but with the arginine on the N-terminal side of the peptide sub­
stituted (by an alanine) instead of the one on the C-terminal side, had a 
rate and lag comparable to MGBG. Thus, all five peptides tested had rates 
of reaction and lag times within 3-fold of each other, and 50-fold or more 
faster than arginine under the same conditions. 
In order to further explore the complicated kinetics of the PNPG reac­
tion, we decided to use NBAG, a guanidino compound with a pKa of 8.2 (54). 
Unlike MGBG, NBAG possesses only one guanidino group, which would simplify 
the kinetics. It also is a chormophore, with an absorbance maximum at 
320 nm (54). Thus, we could follow the loss of NBAG in the reaction by 
HFLC, and evaluate a rate constant for the reaction. 
The reaction of NBAG and PNPG at pH 7.5 was run under pseudo-
first order conditions, and is shown in Figure 21. The biphasic kinetics 
shown were evaluated by subtracting the contribution of the slow phase 
from the initial phase, and the second order rate constant for the fast 
(k^ ) phase of the reaction is shown in Table 11. The table also shows 
the dependence of the reaction upon pH. k]_ increased 7.2-fold when the 
Figure 21. Psuedo-first order kinetics of the reaction of NBAG with 
PNPG at pH7.5. [The reaction was carried out in 30 mM 
HEPES, pH 7.5, with 250 M-M NBAG and 5 mM PNPG, and was 
analyzed by HPLC as given in the Methods.] 
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Table 11. Effect of increasing pH on the reaction of NBAG with PNPG^ 
pH k^ (M ^ sec Increase in 
Increase in 
unprotonated species 
6.5 0.79 - — 
7.5 5.6 7.1-fold 10-fold 
8.5 15.0 2.7-fold 3.3-fold 
R^eaction was carried in 30 mM HEPES buffer, with 20-fold excess 
of PNPG, at 250, and was stopped by adding to 50 p.1 aliquots 50 t^l of 
0.4 M sodium citrate, pH 3.0. The aliquots were then analyzed by HPLC 
as given in the Methods. ki is the second order rate constant for the 
fast reaction. The increase in unprotonated species are calculated 
using the pK^  of NBAG of 8.2. 
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pH was increased from 6.5 to 7.5, and increased a further 2.6-fold when 
the pH was raised to 8,5. As can be seen from Table 11, this corresponds 
to the increase in the unprotonated species, as obtained from the pK^, 
showing that the reaction rate depends on the concentration of the un­
protonated species. The reaction rate was much faster than that of ^ BG 
and other arginine analogs, and no lag time was observed. 
There are a number of similarities between micelles and enzymes 
(55). In particular, micelles have been able to catalyze chemical 
reactions, such as the hydrolysis of p-nitrophenyl ester of acetic and 
hexanoic acids in CTMB (56). They have also been shown to produce pK^  
shifts in incorporated acids and bases, such as those of benzylidene-
1,1-dimethylethylamine, whose pK  ^increases from 6.55 in H^O to 7.02 in 
SDS, and decreases to 4.96 in CTMB and to 5.0 in nonionic detergent 
(57). These shifts can be accounted for by simple electrostatic 
stabilization or destabilization of the cationic acid species of this 
compound by the charges of the various detergents, and by the destabiliza­
tion of the charged species by the hydrophobic region of the micelle. 
Jencks had proposed that such effects can serve as a model for changes 
in the pK^ s of side-chain groups in proteins (55). We decided to look 
for such effects by detergents micelles on NBÂG, in order to develop a 
model system for the behavior of guanidino groups in proteins^. 
The protonated and unprotonated forms of NBAG have different UV 
absorbance maxima, the protonated form has an absorbance peak at 315 nm, 
and the unprotonated form at 375 nm (54). The effect of detergents on 
the absorption spectrum of NBAG is shown in Figure 22, NBAG in 30 mM 
HEPES at pH 7.5 has a peak at 315 nm, with a shoulder around 385 nm. 
Figure 22. Absorption spectra of NBAG in various detergents. [Spectra of 250 m-M NBAG in 30 inM HEPES, 
pH 7.5, in the presence of 2% detergent, were run on à Cary 15 spectrophotometer. (••*) 
SDS, (---) CTMB, ( ) Triton X-100.] 
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showing that at this pH, it exists mostly in the protonated form, with 
a small amount of the unprotonated species present (Figure 22). CTMB 
produces a large increase in absorbance at 385 lun, and a decrease at 
315 nm, showing that most of the NMG is now in the unprotonated form. 
SDS had an opposite effect, eliminating the 385 nm shoulder. Triton 
X-100 had an effect In the same direction as CTMB, enhancing the 385 nm 
shoulder, but not as dramatically (Figure 22). 
These effects can most easily be explained by an effect of the pK^  
of the NBAG from incorporation into the micelle and the resulting electro­
static and hydrophobic interactions (55). These shifts in pK^ should 
effect the reactivity of NBAG with POTG. This turned out to be the 
case, as shown in Table 12. CTMB and Triton X-100 both produced large 
rate enhancements, as would be expected from the increase in the un­
protonated form. SDS, on the other hand, produced a large decrease in 
the rate constant, which again would be expected from the decrease In 
the unprotonated form. This would indicate that a lowering of the pK^  
of a guanidlno group does Increase its reaction rate with dlcarbonyl 
reagents. 
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Table 12. The effect of detergent on the reaction of NBAG with PNPG^  
Detergent k^ (M"^ sec 
None 
CTMB 
SDS 
Triton X-100 
5.6 
38.0 
0.52 
30.0 
R^eaction was carried out as given in Table 8. Concentration of 
detergent was 2%, in 30 mM HEPES at pH 7.5. 
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DISCUSSION 
Earlier studies with cAMP-dependent protein kinase 'and phosphorylase 
kinase (11, 12) have shown that the specificity of these two enzymes is 
regulated by more than the primary structure near the phos phoryla table 
serine of the substrate, and that the organized structure of the sub­
strate may be of Importance. Small et al. (24) had proposed that turns 
are Important in protein kinase specificity. Graves et al. (25) has 
shown that the peptide leu-ser-tyr-arg-gly-tyr-ser-leu, an analog of the 
P-turn region of lysozyme phosphorylated by cAMP-dependent protein 
kinase, was a substrate for both cAMP-dependent protein kinase and 
phosphorylase kinase, which phosphorylate opposite serines. I was able 
to show that a palindromic-like analog of this peptide, leu-ser-tyr-
arg-arg-tyr-ser-leu, was also phosphorylated by the two kinases in a 
similar manner, but with Improved kinetics. We also showed that this 
peptide substrate exhibited second-site phosphorylation — that is, 
each kinase phosphorylated one serine preferentially, but also phos­
phorylated the second serine at a slower rate. One possible mechanism 
for such second-site phosphorylation is shown in Figure 23. Phosphorylase 
kinase would bind to the forward side of the amino portion of the peptide 
as shown, recognize the arginyl residue in a favorable configuration 
relative to the serine, and carry out the phosphorylation. It could 
also, however, bind to the carboxyl side of the peptide, but on the 
opposite side. In that binding mode; the arginyl residue would again 
be in a favorable configuration relative to the serine, and so phos­
phorylation occurs. However, the peptide backbone is In an opposite 
Figure 23. Proposed mode of binding of leu-ser-tyr-arg-arg-tyr-ser-leu peptide to protein kinases 
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configuration from that of the more favorable binding mode, and so the 
phosphorylation rate is slower. 
This would indicate that the protein kinases could recognize pep­
tides in an opposite, or D, configuration. We were thus encouraged 
to synthesize the D-analog of the L-palindromic-like peptide, in order 
to see if it was a substrate for the two kinases, but with the opposite 
polarity of phosphorylation. However, the peptide was not a substrate 
for either kinase. The peptide was a competitive inhibitor of the two 
kinases; however, with K. values near 1.0 mM, close to the K value of 1 in 
phosphorylation for tetradecapeptide. The series of D-peptldes shown 
in Table 2 were also competitive inhibitors of the two kinases. The 
relative inhibition by the peptides of this series was the same for both 
kinase^ . From the polarity of arglnine recognition by the kinases, 
this would not have been predicted, nor can we explain it as yet. 
However, the values of the inhibitor peptides (1-3 mM) are considerably 
lower than those of arglnine, and the inhibition pattern varies with the 
position of the arglnyl residue in the peptide, showing that the peptides 
are being recognized as such. It is probable that D-peptldes which are 
analogs of L-peptldes which are better substrates for the kinases than 
the palindromic peptide, would have lower values. Such peptides, 
which would not be sensitive to proteolysis, could be used as in vivo 
protein kinase inhibitors, possibly with the addition of a hydrophobic 
group to enable them to penetrate the cellular membrane. Also, a 
palindromic peptide which was all L except for D-serine and arglnine 
residues, would have sldechains of opposite configuration, but the pep­
tide backbone would be unaffected. Such a peptide might be phosphorylated 
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by the two kinases with the opposite polarity predicted above. 
The experiment with the D-peptide show that the two protein 
kinases can recognize and bind peptides without the involvement of the 
peptide backbone. However, this binding is not enough for catalysis. 
Apparently, either the peptide backbone of the substrate is involved in 
the catalysis, or a binding mode which will produce a conformation of 
the substrate amenable to catalysis must involve the peptide backbone. 
The experiments with the L-palindromic-like peptide reinforced the con­
cept of the polarity of the arginine requirements for the two kinases, 
with cAMP-dependent protein kinase preferring arginines on the N-terminal 
side of the phosphorylatable serine, and phosphorylase kinase preferring 
arginines on the C-terminal side. However, as our experiments with the 
second-site phosphorylation, as well as the phosphorylation of glycogen 
synthase peptide analogs by phosphorylase kinase (29), where there is 
no C-terminal arginine residue, have shown, this is not an absolute 
requirement for phosphorylation, nor is it the only specificity de­
terminant. Indeed, as the phosphorylation of tetradecapeptide by cAMP-
dependent protein kinase shows (11), the specificity of the two kinases 
involves more than just the region around the phosphorylatable serine. 
The experiments with the CNBr-generated peptide fragment from phos­
phorylase were done in an effort to examine the role on specificity of 
a larger region of the substrate than just the region around the serine. 
Although the circular dichroism experiments did not show conclusively 
that the CNBr-generated peptide retained all of the o-helical structure 
of that region of the phosphorylase molecule, they did show that the 
peptide did have considerable organized structure which could be wiped 
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out with guanidine hydrochloride. The experiments with trimethyl-
phosphate also showed that the peptide retained a tendency to form 
(y-helical structure. The kinetic experiments with phosphorylase 
kinase showed that the enzyme could recognize this structure, better 
than it could smaller peptide substrates. The cAMF-dependent protein 
kinase, however, could not phosphorylate the CNBr-generated peptide at 
all. Thus, the necessary structural features for the specificity of the 
two kinases are contained in the N-terminal region. The 1:1 stoichiometry 
of the phosphorylation by phosphorylase kinase and the HPLC experiments 
showing that there is free monomer of CNBr-generated peptide in solution, 
showed that the observed aggregation of the CNBr-generated peptide does 
not affect this conclusion. 
The hexadecapeptide analog of phosphorylase sequence 9-24 was syn­
thesized in an attempt to further define the regions crucial to 
specificity. These experiments clearly showed the crucial role of the 
region immediately C-terminal to the phosphoryla table serine in 
specificity. It has a high tendency to form -^structure and could be a 
specificity determinant for the two kinases. This is supported by 
Tessmer et al. (12), who showed that removal of glycine-17 and leucine-18 
from the tetradecapeptide lowered the some 75-fold. Our hexadecapep­
tide was a considerably better substrate for phosphorylase kinase than 
was the tetradecapeptide (2-fold higher V^), while being a poorer 
substrate for cAMP-dependent protein kinase than was the tetradecapeptide 
(2-fold lower V^). Thus, the region between the phosphorylated serine-
14 and the beginning of the first ofhelical region (at threonine-25) 
is quite important to the specificity of both kinases. The potential 
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jî-structure of the argj^ g-gly^ y^-leuj^g (12) probably serves to orient the 
arginine-16 into a conformation favorable for phosphorylation by phosphory-
lase kinase. The ala^g-valg^ sequence would, in this model, help to 
stabilize this structure, accounting for the improved kinetics of phos-
phorylase kinase with this peptide. Ârginines on the C-terminal side of 
the phosphorylatable serine are negative specificity determinant for cAMP-
dependent protein kinase, and the P-structure region would then inhibit 
binding and phosphorylation of the substrate by cAMP-dependent protein 
kinase by a similar process. This would account for the lowered phosphory­
lation kinetics of cAMP-dependent protein kinase with the hexadecapeptide. 
Under this model, much of the specificity of the two kinases toward phos-
phorylase is accounted for in this C-terminal region. However, cAMP-
dependent protein kinase is able to utilize hexadecapeptide as a substrate, 
even if at a lower rate, while it is not able to phosphorylate the CNBr-
generated peptide at all, and the CNBr-generated peptide yields a lower,K^  
value for phosphorylase kinase than does the hexadecapeptide. This can be 
accounted for by the N-terminal orhelical regions of phosphorylase also 
serving as specificity determinants for the two kinases, recognizing 
and binding phosphorylase kinase while inhibiting the binding of cAMP-
dependent protein kinase. 
The a-helical binding sites also can explain why phosphorylase 
kinase peptide substrates have high values compared to phosphorylase 
b. cAMP-dependent protein kinase would have less rigorous binding 
requirements for its substrates, as evidenced by the large number of 
protein kinase substrates and the fact that the peptide substrates of 
cAMP-dependent protein kinase frequently have lower values than those 
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of phosphorylase kinase. cAMF-dependent protein kinase's inability to 
utilize phosphorylase as a substrate Is thus due to these negative 
specificity determinants. 
The CD experiments with the peptide substrates were carried out In 
order to correlate the presence of organized structure in the substrate 
with the kinetics of the protein kinases. They showed that the CNBr-
generated peptide had some ohheIleal structure present, helping to ac­
count for the observed specificity in the kinetics of the two kinases. 
However, the tetradecapeptlde and hexadecapeptide had a random secondary 
structure in ^ -glycerophosphate buffer. This correlates with the X-ray 
crystallography of Weber et al. (27), which revealed that residues 1-19 of 
phosphorylase have a very flexible structure that cannot be visualized 
by X-ray crystallography. The tetradecapeptlde has been reported to 
have some organized structure from CD studies in Tris buffer (12). 
There are two possible methods for the binding of a peptide substrate 
with a random structure to the protein kinases. One is that the peptide 
exists in a number of different conformations, in equilibrium with each 
other, none of which is predominant enough to produce a CD signal charac­
teristic of secondary structure. The enzyme would recognize and bind 
one of these conformations, which would be favorable to binding and 
catalysis, and shift the equilibrium In favor of this conformation. The 
other method would be that the peptide is in a randomized conformation, 
but has a potential for being formed into a conformation favorable for 
catalysis by the enzyme's active site. This would account for the 
lack of secondary structure as seen in CD, It would also help 
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account for the high values of phosphorylase kinase with peptide 
substrates. The structural requirements of phosphorylase kinase for 
substrate recognition imply that it can only bind to a very specific 
conformation. To achieve this in a peptide might require a high binding 
energy, resulting in the high value. cAMP-dependent protein kinase 
can accept a much larger number of substrates, implying less rigorous 
substrate requirements. This would mean a lower binding energy and 
a lower K value. 
m 
It would be helpful if the structure of the CNBr-generated pep­
tide could be further defined, particularly in light of its tendency 
to aggregate. The tryptophanyl residue at position 67 of the pep­
tide, which we did fluorescence studies on, is very near the arg-69 
which the phosphate on ser-14 interacts with in phosphorylase a. Further 
fluorescence studies on the peptide, in both the phospho and dephospho 
form, could yield valuable information on the occurrence of this inter­
action in the CNBr-generated peptide. Also, if one had an HPLC with a 
fluorescence detector, the fluorescence of the monomer could be com­
pared with that of the aggregated states. As arg-69 forms part of the 
AMP binding site in phosphorylase (28), fluorescence could also be used 
to see if there is any interaction between AMP and CNBr-generated peptide, 
and to probe how that might effect the peptide's structure and conforma­
tion. 
HPLC could also be used to probe the CNBr-generated peptide's 
aggregation state, as it can resolve the monomer and aggregates. We 
have shown that 100 mM NaCl does not effect the aggregation, but the 
effect of other salts and concentrations, solvents, and nucleotides 
(AMP) on the aggregation could be probed. This could be especially 
Important, as the aggregation states may have bearing both on the low 
reported and on the lack of phosphorylation seen with cAMP-dependent 
protein kinase. 
Another route for expanding on the CNBr-generated peptide studies 
would be a continuation of the "size-reduction" concept — removing a 
part or parts of the substrate to see which parts are important to 
specificity. In this regard, there is a method for cleavage proteins 
at tryptophanyl bonds with o-iodosobenzoic acid reported by Mahoney and 
Hermodson (58). A cleavage at trp-67 would remove 24 residues from the 
peptide, Including arg-69. This could have significant effects on the 
structure of the peptide, and on the specificity of the two kinases 
using it as a substrate. 
The PNP6 reagent could also be used to study the CNBr-generated 
peptide, after peptide experiments were done to develop suitably selective 
conditions. With its shortened length and lesser number of arglnyl 
residues, it would be easier to study this peptide than phosphorylase as 
a whole. In particular, one could see if the arginines near ser-14, or 
arg-69, have a heightened reactivity. 
A number of further studies could also be done with synthetic pep­
tides, centering on the region C-terminal to ser-14, and particularly on 
residues 16-24. It has been shown that removing residues 17 and 18 from 
the tetradecapeptlde has dramatic effects on the kinase kinetics, as 
does extending the peptide to position 24. But the effect of substitu­
tions has not been explored. In particular, glycine, which is at posi­
tions 17 and 20, is a known turn-breaker in proteins (59), and substitu­
96 
tion of glycine with alanine or other residues might be most illuminating. 
Investigations studying the length of the peptide, by varying how much 
of the 18-24 region is included or by extending the peptide past position 
24, would also be interesting. 
Central to the role of organized structure in protein kinase 
specificity is the role of the arginyl residues near the phos phoryla tab1e 
serine. Patthy and Thesz have postulated (31) that unprotonated arginyl 
residues may occur in anionic binding sites. We have attempted to es­
tablish a model system for probing for unprotonated arginyl residues in 
protein kinase substrates. In particular, we have looked at the reactivity 
of PNP6 with various guanidino groups with low pKas, and have shown that 
the rate of reaction depends on the pK of the guanidino group. The 
reactivity was also shown to vary with pH. In the reaction of PNPG 
with NBAG, a correlation was found between the rate constant for the 
reaction and the amount of unprotonated species present (Table 11). 
Thus, PNPG could be used to examine the protonation state of arginyl 
residues in substrates of protein kinases. Preliminary experiments 
showed that peptide substrates with arginyl residues did react with 
PNPG at a faster rate than did arginine (Table 10). 
We found that the reaction of PNPG with guanidino groups was 
activated by the presence of phosphate buffer. Moss and Vaughan (60) 
found that the NADase activity and the ADP-ribosylation of arginine and 
of arginine methyl ester by cholera toxin were enhanced by the 
presence of phosphate buffer. Soman et al. found that 50-200 mM phos­
phate enhanced the ADP-ribosylation of NBAG by cholera toxin (54). 
31 This was studied further by P-nmr studies of the interaction of 
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inorganic phosphate with guanidine hydrochloride or NBAG (61), which 
led Graves et al. to propose that the inorganic phosphate donates a 
proton to NBAG to form a complex. No such complex was seen with 
guanidine hydrochloride, which has a much higher pK^ than NBAG, so this 
is a specific interaction between phosphate and an unprotonated guanidino 
group. Such an interaction could help stabilize the unprotonated form 
of the guanidino group and help to explain the activation effects of 
phosphate on guanidino reactions seen by myself and others. The reaction 
mechanism proposed by Werber etal. (52) for phenylglyoxal and arginine 
is shown in Figure 14. The proposed final product, however, would not 
give the 450 nm absorbance seen when PNPG is the reactant (36). We, 
therefore, propose that when PNPG is the reactant, two molecules of water 
are released from the cis-diol, forming a heterocyclic ring system 
(Figure 24). The reaction would be driven by the resonance stabiliza­
tion of the product, which would be enhanced by the presence of the 
nitro group. This system would be reducible by sodium borohydride, with 
a large change in absorbance. Such a reduction could be used to form a 
stable system for isolating the product. A preliminary experiment has 
shown that the product does have a lowered absorbance upon addition of 
sodium borohydride, with a shift in the absorbance peak to 418 nm. 
1 propose that the kinetic mechanism is the following: 
A^ T  Ag + B-»C^D-»E 
based on the chemical mechanism shown in Figure 24. If the first steps 
in the reaction were slow, the lag in the observed 450 nm absorbance 
could be explained by the slowness in developing a concentration of D 
Figure 24. Proposed chemical mechanism for the reaction of PNPG with arglnlne analogs 
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necessary for the final D E conversion and the observed color develop­
ment. The lack of a lag in the canavanine reactions had relevance here. 
The guanidino group can exist in two tautomeric forms, imino and amino 
(62) (Figure 25). Canavanine is in the amino form when in the unprotonated 
state, due to the presence of the electron-withdrawing oxygen, while 
most other analogs are in the imino form. If the amino form is the 
more reactive form and the conversion of the tautomeric forms were rate-
limiting, this could account for the lack of a lag with canavanine. 
The effect of phosphate in shortening the lag may be in binding to the 
guanidino group and effecting the tautomeric equilibrium. 
This mechanism could also explain our results with borate. The 
borate would complex with the cis-diol to form a stable complex which 
could not then be dehydrated to form the colored product. 
The studies of the reaction of PNPG with peptides were preliminary, 
but they did show that PNPG could react with arginyl residues in peptides. 
It is interesting that PNPG could react both with arginyl residues that 
were in positive charge clusters, as with H-7, H-8, S-28, and the tetra-
decapeptide, and with an arginyl residue surrounded only by neutral 
residues, as with S-18, and with fairly similar rates. It has been 
noted that arginine analogs in which the amino and carboxyl groups are 
blocked, such as BAEE and TAME, will with PNPG much faster than un­
blocked arginine. These charges may inhibit the reaction of arginine, 
which would explain why the peptides will react with PNPG. In that case, 
the pH or other conditions should be varied in order to find conditions 
in which PNPG is a sensitive probe for unprotonated arginines. Alterna­
tively, it is possible that the arginyl residue in S-18 is also un-
Figure 25. The amino and imino tautomeric forms of canavanine (58) 
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protonated, despite the lack of a positive charge cluster, if it is in 
a hydrophobic microenvironment. A determination of the pK^ of the 
arginyl residue of S-18 could resolve this. Also, one could do ^^P-nmr 
studies of ATP with S-18 and other peptides and look for the formation 
of a complex like the one Graves et al. found with NBAG and ATP (61). 
The detergent experiments with NBAG were done in order to establish 
a model system where the pK^ of a guanidino group was perturbed by 
microenvironmenta1 effects. We were able to show that the incorporation 
of NBAG into a micelle did shift the pK^  of the guanidino group, as 
predicted by Jencks (55). This is analogous to the effect of the micro-
environment around arginyl residues in proteins on the pK^ of the guanidino 
group theorized by Patthy and Thesz (31). Both effects center on the 
effect of a hydrophobic environment and neighboring charge clusters in 
perturbing the electropositive potential around the guanidino group 
and thus effecting the equilibrium of the protonation state. We thus 
have experimental confirmation that the protonation state of a guanidino 
group can be altered in a system analogous to the microenvironment 
around arginyl residues in proteins. 
Our studies and those of others have already shown that both arginyl 
residues and the organized structure of the substrate are important in 
protein kinase specificity. The experiments concerning the polarity of 
the substrate phosphorylation, as well as work by Feramisco et al. (63) 
show that the location of the arginyl residues in the primary structure is 
important. The structural requirements of the kinase specificity may be 
for producing a microenvironment conducive for the existence of un-
protonated arginyl residues, and for their orientation in a position 
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for the proper protein kinase recognition and specificity. We have 
shown how there are specific interactions between inorganic phosphate 
and NBA.G, due to the similarity in pKas. Such interactions could also 
occur between the y-phosphate of ATP and unprotonated arginyl residues 
in proteins and peptides. Àrginines have frequently been found in 
phosphate binding sites in proteins. In protein phosphorylation, the 
Y-phosphate of ATP might form a complex with the arginyl residues near 
the phosphorylatable serine, helping to align the substrates in the 
proper position for phosphorylation. 
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